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by one-electron outer-sphere quenchers should be of interest.

Conclusions

Luminescence quenching of Ru(bpy);>** by S,04% in aqueous
and mixed acetonitrile~wate solutions occurs by both unimolecular
and bimolecular pathways. The nondiffusional pathway results
from the ground-state association of Ru(bpy),** with S,04*". The
lifetime of the photoexcited ion pair is shorter than Ru(bpy);*+*
in all solvent combinations investigated but long enough to allow
the excited complex to be quenched by a second S,04> as well
as luminescence at the characteristic emission wavlengths of
Ru(bpy);***. An unusually strong dependence of bimolecular
and unimolecular quenching rates on the solvent employed suggests
that both quenching reactions occur by electron transfer and that
the rate-limiting step in both mechanisms is solvent reorganization
of one or both reactants.

The analysis of steady-staté luminescence and lifetime mea-
surements demonstrates that coincidence of I°/7 and 7/ values
is expected for the general case of ground-state ion pairing provided
that the lifetime of the excited ion pair is relatively long.
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A comparative method was applied to a high-temperature fast-flow reactor to determine relative kinetic parameters for the
two-channel decomposition of cyclobutanone in the falloff region. The applicability of this method to such nonthermally
equilibrated systems was assessed and found to be generally useful over a wide range of conditions. The measurements could,
therefore, be used as a quantitative diagnostic tool for sensing unimolecular falloff behavior in a number of heat bath gases.
A simple stepladder collisional activation—deactivation model was used to determine the energy. transferred per collision.
The values obtained for the heat bath gases He, Ar, SiF,, and SFg were 3.0, 2.0, 3.5, and 4.0 kcal/mol, respectively. These
are small multiples of RT and very small fractions of the activation energy, indicating that weak collisions must be a dominant
feature of reaction types represented by the decomposition of cyclobutanone.

Introduction

Energy transfer models applicable to unimolecular dissociation
processes have been assessed and a considerable body of literature
exists on the subject.!* Still, it is not yet entirely certain how
the average energy transferred per collision varies with the energy
content of the decomposing molecule and the temperature of the
bath gas. Although direct methods for assessing the energy
transferred per collision have recently been described,? the usual
approach, and the one which we adopt, involves (1) measuring
decomposition rate constants for various pressures of the heat bath
gas, (2) computing k(E) vs. energy, (3) applying these energy-
dependent rates to the energy level populations calculated by
means of an appropriate energy transfer model, and (4) comparing
thé macroscopic rate constants obtained from these calculations
with the experimental results.

A typical energy transfer model involves a single parameter,
namely, the average energy transferred either up or down an
energy ladder with constant spacing. The energy dependences
of the probability of such energy transfers that have been used
previously' are the Dirac A function or stepladder, the exponential
function, and the Poisson and Gaussian functions. The general
feature of these models are quite similar, and experimental results
have not definitively distinguished between them. The comparative
experimental method of evaluating kinetic parameters has been
successfully applied at high pressures to fully thermalized uni-
molecular systems in single-pulse shock tubes by Tsang.’ We
have adapted his method to a study of the kinetics of flowing
reactive systems at much lower pressures. The method compares
the ratio of decomposition rates of two simultaneously occurring

*Chemistry Department, University of Maryland, College Park, MD
20742.

0022-3654/84/2088-1846$01.50/0

reactions and is insénsitive to temperature inhomogeneities (see
Appendix). The measurements that we will describe complement
those made at much lower pressures by the so-called “very low-
pressure pyrolysis” (VLPP) method.6® The VLPP measurements
are taken with decomposition occurring where the activated
reactant energies are very close to Ey, the threshold energy, while
at higher pressures progressively higher energy levels become
involved. The measurements described here for heated flow
systems can also be compared with infrared laser heating.®13
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Figure 1. Schematic diagram of the experimental apparatus.

In the present work we explore the application of the com-
parative method to unimolecular reactions in the falloff region.
It will be shown that this method, while based upon an Arhennius
description with the implicit assumption of a vibrational Boltzmann
equilibrium in the reactant, still yields important information for
the non-Boltzmann distributions that are characteristic of uni-
molecular dissociation in the falloff region. The information so
obtained is then compared with the rate constants calculated by
means of a stepladder energy transfer model.

The Comparative Method

The two channels involved in the decomposition of cyclo-
butanone are

k
cyclobutanone — C,H, + CH,CO
k
— ¢-C,H, + CO

The amounts of ethylene (X;) and cyclopropane (X,) formed
during the reaction time 7 are given by

Xy = Ro(ky/(ky + k))(1 — exp(~(k; + k;)7)) (1
X, = Ro(ky/(ky + k)1 - exp(—(k; + k;y)7)) 2

where R is the initial concentration of cyclobutanone and &; and
k, are the rate constants for each of the two channels. The
Arrhenius expressions k; = 4; exp(-E,/RT) and k, = A4, exp-
(—E,/RT) are thought to be applicable only when the reactant
is thermally equilibrated with a suitable heat bath gas. Under
these conditions it is readily shown that

In (k) = (Ey/E)) In (k) — (E;/E}) In (4)) + In (4y) (3)

where k) = Z/7(1 + (X,/X))), k, = Z/+(1 + (X,/X,)) and Z
=-In (I - ((X; + X3)/Ry)). In examining the dependence of In
(k,) upon In (k,), one is in effect plotting In (k) and In (k,) vs.
1/T in the three-dimensional space defined by the orthogonal axes
In (ky), In (k,), and 1/7. This results in two planes that intersect
in a line whose projection onto the In (k;)-In (k,) plane comprises
the comparative methodology. Since the effect of the projection
operation is to eliminate temperature as a variable it becomes clear
why temperature inhomogeneities do not significantly influence
either the slope or intercept of eq 3 as long as both reactions
undergo identical temperature~time histories. Sources of un-
certainty obviously arise if the Arrhenius expression is not an
adequate description of the rate constant dependence upon tem-
perature. It will be shown that, when both reactions are in the
falloff region, the plot of In (k;) vs. In (k,) maintains its linearity.
Variations in the intercept of such comparative plots are far more
sensitive to unimolecular falloff than are changes in the slope.

Experimental Section

Figure 1 shows the components of the apparatus employed in
this investigation. It is extremely difficult to construct a furnace
that does not have some axial and transverse temperature gradients
and no serious attempt has been made to eliminate them. As
stated above we avoid the ambiguities assoicated with such tem-
perature nonuniformities by using the comparative rate method.
The method, however, does entail some uncertainty in the reaction
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Figure 2. Comparative plots of the experimental data for the two-channel

decomposition of cyclobutanone in Ar (3.3 torr), He (4.7 torr), SiF, (5.2

and 8.6 torr), and SF¢ (5.9 and 9.8 torr) heat bath gases.

time which will be discussed in greater detail below. Apparatus
parameters are as follows: (1) The heated reactor consists of a
5 mm i.d. 10 cm long quartz tube. (2) The gas flow through the
heated tube is fast with a residence time that is less than 3 ms.
(3) The furnace temperature is fully adjustable up to about 1200
K. The temperature profile in the reactor was determined with
a thermocouple probe that could be axially positioned at any point
along the reactor tube. The flowing gas tends to cool the reactor
tube so that the experimentally useful range of pressure was found
to be between 1 and 10 torr where the lower limit is determined
by the requirement that the rate of molecular collisions greatly
exceeds those made with the tube wall. Sample mixtures were
prepared in 10-L bulbs, with 1-5 mol % of reactant with either
He, Ar, SF,, or SiF, as heat bath gases. A small, accurately
known quantity of inert methane was added to each mixture so
that fractional conversions could be determined without analyzing
for the residual reactant concentration. The chromatographic
column used was Poropak P and a flame ionization detector was
employed to measure hydrocarbon products. The fractional
conversion reproducibility was +£2%. The gas leaving the reactor
tube expands and cools so that further decomposition is quenched.
About 10% of the flowing gas is sampled by expansion into a
cooled evacuated sampling loop after the flow becomes steady.
The sampling loop is then isolated; its contents are pressurized
to 1 atm with helium and a representative sample is injected into
the gas chromatograph. At a total pressure of 1 torr with a 100:1
ratio of heat bath gas to reactant, 1% decomposition produces a
chromatographic signal-to-noise ratio of about 10:1 for products
that are eluted during the first 10 min.

The steady-state gas pressure in the furnace tube is constant
but experiences a large pressure drop at the exit. The pressure
in the reactor was monitored with a capacitance pressure gauge
at P, and P, in Figure 1 and volume rates of flow were measured
for all of the heat bath gases as a function of the pressure (P,)
in the expansion section. These rates of flow were shown to be
rapid enough so that the tube exit exhibited the properties of a
critical orifice. Under such circumstances the pressure in the
furnace tube is approximately constant and is close to P,, the
upstream pressure. Reaction times in the hot tube were calculated
from this pressure and the flow measurements. The major un-
certainty in this calculation resides in an estimate of the effective
length of the reaction region in the heated tube. The previously
mentional thermocouple measurements indicate the temperatures
that each unit of flowing gas encounters along the tube axis for
times determined by the flow velocity. The method by which this
effective length is calculated is given in the Appendix.

Results

1. Experimental Measurements. Figure 2 displays all of the
experimental results for the cyclobutanone decomposition plotted
in accordance with eq 3. The least-squares lines all have a slope
of 1.11 within one standard deviation of 0.04. The limiting
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TABLE I: Calculated Specific Rate Constants for the
Dissociation of Cyclobutanone into Product Channels 1 and 2
Respectively as a Function of Energy

encrgy/

(kcal/mol) k /s k, /s
46.00 0.00 0.00
51.00 8.19 X 107 0.00
56.00 6.84 x 10* 0.00
61.00 8.72 X 10° 5.17 x 10°
66.00 5.17 X 108 8.95 x 10*
71.00 2.10 X 107 6.47 X 10°
76.00 6.61 X107 2.98 X 10¢
81.00 1.74 x 108 2.98 x 107
86.00 4.01 x 108 5.03 x 107
91.00 8.31 X108 7.37 X 107
96.00 1.58 X 10° 1.63 x 10%

101.00 2.81 X 10° 3.27 x 108
106.00 4.73 X 10° 6.12 x 108
111.00 7.58 x 10° 1.07 x 10°
116.00 1.17 x 10%° 1.80 x 10°
121.00 1.73 X 10'° 2.87 x10°
126.00 2.48 X 10'° 4.41 X 10°
131.00 3.47 x 10'° 6.54 x 10°

high-pressure line is shown for comparison.!4!3 It is evident that
the rate parameters are not at their high-pressure limiting values
and that the effectiveness of the heat bath molecules in ap-
proaching the limit is in the order SF¢ > SiF, > He > Ar. Even
though the experimental lines are significantly displaced from the
high-pressure limit, the slopes are remarkably constant and in fact
cannot be distinguished from the high-pressure value of 1.114.
In order to understand why this is so it is necessary to relate the
collisional activation—deactivation efficiencies to an average energy
transferred per collision. This depends in turn upon the details
of the model used to describe the energy transfer process. Once
we have a numerical simulation of the rate constant as a function
of temperature and pressure we can make a separate assessment
of the suitability of the Arrhenius equation and hence the ap-
plicability of such comparative plots to nonthermalized vibrational
distributions.

2. Energy Transfer Model: Calculation of Rate Constants.
The simple stepladder model has been shown by Rabinovitch and
co-workers! to give results that are qualitatively similar to those
of other energy transfer probability models. The stepladder model
has a numerical advantage in that it can be cast in the form of
a tridiagonal matrix and be solved with very few computer op-
erations and with minimal demand on CPU memory.!S This
model, as its name implies, involves a set of equispaced Ae levels
that extend below Ej,, the threshold energy of the lowest of the
two activation barriers in the cyclobutanone decomposition, and
continues to well above Ep,, the energy threshold for the upper
channel. It is assumed that each collision with a heat bath mo-
lecular transfers energy either up or down with all perfectly elastic
collisions excluded from consideration.! The total probability of
an up-transfer of energy from a given level plus that for a
down-transfer from the same level is, therefore, unity. The
probability of transferring energy from level i to level i + 1 is
proportional to the density of states at level i + 1 multiplied by
the factor exp(—Ae/RT) while the probability of collisional energy
transfer from level i + 1 to level i is proportional only to the density
of states at level i. These conditions satisfy the criterion of mi-
croscopic reversibility and, since the density of states is calculable
from known spectroscopic parameters, the entire energy transfer
process can be described by the single parameter, Ae. The cal-
culation of this quantity requires a value for the collision number
which was computed from a tabulated set of Lennard-Jones pa-
rameters.!”
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Figure 3. Comparison of the stepladder activation-deactivation model
with cyclobutanone in SiF, data, using 3 and 4 kcal/mol steps.

The calculation of the macroscopic rate constant requires a
computation of k(E), the specific rate constant for molecules that
are vibrationally excited to an energy E. The calculation further
requires the choice of a transition-state structure which with the
help of absolute reaction rate theory (ART) reproduces the
high-pressure Arrhenius parameters in the temperature interval
used for their experimental determination. The transition-state
vibrational frequencies are then also applied to the calculation
of the k(E)’s by means of standard RRKM procedures.!®!® Table
I gives values for E, k,(E), and k,(E) for the cyclobutanone
decomposition. These k(E)’s are then incorporated in the step-
ladder activation—deactivation model and-an integrated macro-
scopic rate constant is calculated for a particular pressure, tem-
perature, and energy spacing Ae. The resulting rate constants
that are computed over the experimental temperature range are
plotted as in eq 3. That value of Ae is sought which fits the
experimental data best as shown in Figure 3. This is then
identified as the average energy transferred during a collision
between a heat bath molecule and cyclobutanone.

The computer code was designed to solve for the steady-state
populations of cyclobutanone molecules at each energy step relative
to that of the lowest step located below the threshold energy, Eiq.
When these populations are multlphed by the appropriate k(E)
and then integrated over all energies a relative rate constant is
obtained for each of the two reaction channels. By performmg
an identical integration for a population whose distribution is in
Boltzmann equilibrium at each step, a comparable relative rate
constant at the high-pressure limit is obtained. When the ratio
of these two relative rate constants is multiplied by the ART
high-pressure rate constant determined previously, the absolute
rate constant at the pressure and temperature of interest is the
final result. The lowest step in the energy ladder was set at that
point below E,, where the non-Boltzmann and Boltzmann pop-
ulations are similar while the highest step above E,, was chosen
at that level where the final values of the computed rate constant
remained unchanged as higher steps were added.

Figure 3 shows least-squares ‘comparative rate plots for the
decomposition of cyclobutanone in a SiF, heat bath at pressures
of 5.2 and 8.6 torr, respectively. The plotted numbers (3 and 4)
designate the energy ladder step sizes in kcal/mol that were used
to calculate In (k;) and In (k,) for these two experimental pres-
sures. The arrows associated with each number point to the
expenmental line corresponding to the pressure (8:6.0r 5.2 torr).
It is seen that between 3 and 4 kcal/mol is the average energy
transferred by a collision of an SiF, heat bath molecule with
cyclobutanone. The slopes of lines through the 3’s and 4’s com-
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Figure 4. Comparative plot of the cyclobutanone decomposition in 10
torr of Ar between 650 and 1250 K as calculated with the stepladder
model using 2 kcal/mol steps.

puted by the model are 1.1 in agreement with the experimental
data. The computed best fits for the SFg, SiF,, He, and Ar heat
baths were found to be 4, 3.5, 3, and 2 kcal/mol, respectively.
Conservative estimates of the errors in the measurement of product
composition, flow rates, and pressure lead to an uncertainty in
these values of about 0.5 kcal/mol within the framework of the
stepladder activation—deactivation model.

King et al.® studied the two-channel decomposition of chloro-
ethane-2-d in which HCI and DCI are the products. Using a
modification of the VLPP method, they obtained downward
collisional energy transfer values of 1.7 kcal/mol for Kr and Ne
and about 2.1 kcal/mol for He, in agreement with our observation
that Ar transfers energy more efficiently than does He. They used
a modified exponential energy transfer model, namely, exp(A€®),
for the probability of collisionally transfering Ae of vibrational
energy. Such a stronger-than-exponential function is virtually
indistinguishable from the simple stepladder model. Their results
(Ae ~ RT) are in qualitative agreement with ours for the rare
gas heat baths, despite the fact that the VLPP method was used
to study a different unimolecular decomposition at much lower
pressures where second-order kinetic behavior predominates.

The In (k) vs. In (k,) plots for the cyclobutanone decomposition
in the falloff region are observed to be linear with slopes equal
to the ratio of activation energies obtained at the high-pressure
limit. The intercepts (In (A4,)—(E,/E,) In (A4,)), on the other hand,
are significantly lower than that calculated from the high-pressure
preexponential factors. The stepladder model can be used to
explore this decrease of the intercepts over a very wide temperature
interval. Calculations for Ar as a heat bath at 10 torr in the
650-1250 K temperature range are shown in Figure 4. It is seen
that the plot is linear with a slope characteristic of the high-
pressure limit even though falloff of the upper channel is much
greater than that of the lower one at the high end of the tem-
perature range. It is of interest to pursue this simulation for the
case where only one of the two reactions is in the falloff region.
This may be artificially achieved by plotting the values of In (k,)
obtained from the stepladder model calculations vs. the corre-
sponding high-pressure In (k,)’s that were obtained from absolute
reaction rate theory in the 650-1250 K temperature range. The
result is shown in Figure 5 which clearly exhibits a curvature with
the slope approaching an upper limit of 1.0 at 650 K and gradually
decreasing to a value considerably less than 1 as the temperature
is increased. Such an effect has been confirmed by some pre-
liminary studies of the reaction pair cyclohexene—cyciopropane
in 10.0 torr of helium.?° Under these conditions cyclopropane
is well into the falloff region while cyclohexene is not. Over the
1000-1100 K temperature interval the experimental comparative
plot was linear buth with a slope that was only about 60% of the
high-pressure value.

(20) M. D. Scheer, J. R. McNesby, and W. Braun, unpublished results.
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Figure 5. Comparative plot (with vs. without falloff) for channel 2 of
the cyclobutanone decomposition in 10 torr of Ar between 650 and 1250
K as calculated with the stepladder model using 2 kcal/mol steps.

TABLE II: Calculated Arrhenius Parameters for the Two
Channels of the Cyclobutanone Decomposition in the 1000-1100
K Temperature Range?

Ae/
(kcal/ 10714,/ 107°4,/ E,/ E,f
P/torr  mol) S s (kJ/mol) (kJ/mol)
5.2 2.0 2.0 0.6 167.2 176.2
8.6 2.0 4.2 1.6 171.7 181.0
5.2 3.0 6.5 2.3 174.5 182.8
8.6 3.0 13.2 5.7 178.9 187.9
52 4.0 14.3 6.8 179.4 189.0
8.6 4.0 27.8 17. 183.6 194.3

@ The limiting high-pressure valuesare 4, = 5.0 X 10** 57", 4, =
3.4 x10" "', E, =220 kJ/mol, and E, = 245 kJ/mol.

Conclusions

It has been demonstrated that a comparative-rate method can
be applied to unimolecular decompositions in the falloff region.
With such a method, a set of high-temperature measurements of
the kinetics of the unimolecular decomposition of cyclobutanone
were made which together with their calculation by computer
simulation has led to values for the average energy transferred
between the cyclobutanone and heat bath molecules of varying
complexity. There values were found to be a small fraction of
the energy required to surmount the activation barrier, and even
for SFg, the most complex molecule studied, the average energy
transferred did not exceed 2RT. These results therefore indicate
that weak collisions appear to dominate in such unimolecular
decompositions and show that a general application of the strong
collision assumption (Ae >> RT) to unimolecular processes cannot
be justified.
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Appendix

The kinetics of two simultaneously occurring decomposition
reactions in contact with the same heat bath is given by

ki=(Zi/m)  ky=(Zy/7) C))

where k, and k, are the rate constants whose Arrhenius tem-
perature dependence is given by

k, = A, exp(-E,/RT) (5)

The quantities Z, and Z, are product conversion factors which
can be written in terms of the fractions (f] and f;) of reactant
converted to products in each of the reactions.

Zy=-In(1-1) Z,=-ln(1-f) (62)

For the case of the decomposition of a single reactant into two
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separate channels, the quantitites become coupled and are given
by
Zi=-(h/(hi + L)) In (1 - fi - f)
Zy=-(h/i+ D In(l-fi-f)
The common reaction time 7 is equal to the duration of contact
of the decomposing molecule with the heat bath while it is heated

to temperatures that are high enough to lead to products. Sub-
stituting (5) and (6) into (4), eliminating 7, and solving for 7 yields

T = (Z,/ A)ESECE)) 4, / Z,)EV/ ErED) %)

(6b)

Thus, a knowledge of the fractional conversions for a given heat
bath temperature history allows one to calculate a chemically
effective reaction time provided the four Arrhenius parameters
A, Ay, E,, and E, are known.

These parameters were calculated in the 1000-1100 K tem-
perature range for cyclobutanone in an SiF, heat bath at 5.2 and
8.6 torr by means of the stepladder model described under Results,
section 2. The temperature history for a small volume of gas
flowing through the reactor tube can be simulated by dividing
the measured axial temperature profile into a large number of
equally spaced isothermal zones. The Z’s are then computed
separately for each zone by means of eq 4 using the calculated
Arrhenius parameters and the time taken for a zonal volume of
gas to traverse a single zone length. Then f’s calculated for each
zone lead to total fractional conversions of the reactant molecules
flowing through the entire tube length. From these, composite
Z’s are calculated so that, from eq 7, effective reaction times of
1.5 and 2.6 ms are obtained for pressures of 8.6 and 5.2 torr,

respectively. When these times are multiplied by the known flow
velocities, a value of about 5.8 cm is the average length obtained
for that portion of the reactor tube in which the cyclobutanone
is decomposing. An effective temperature of about 1020 K for
this reaction length is readily calculated from the composite Z
values by means of

T'=((E- E)/R)/In (Z,:4y)/(4:Z))) (®)

a formula resulting from a substitution of (5) and (6) into (4)
and the eliminating of 7.

As stated above, the Arrhenius parameters were calculated for
the cyclobutanone decomposition in the falloff region by means
of the stepladder model. The results are given in Table II for the
two pressures (5.2 and 8.6 torr) and Ae’s of 2, 3, and 4 kcal/mol.
The calculated A’s and E’s all increase as the pressure and Ae’s
(energy transfered per collision) are increased. They are all,
however, much lower than the high-pressure limiting values.
Despite these variations, the computed reaction times for the two
pressures and the resulting effective reaction length remain un-
changed. This arises from the fact that the ratio (£,/E;) is in
all cases close to one. It can be readily shown, however, that, if
the two reactions had very differrent activation energies, there
would be a much greater sensitivity to the Ae used in the simulation
calculation and a laborious iteration procedure would be needed
to obtain the Ae that would best fit the experimental data. Thus
for cyclobutanone, with an (E,/E;) = 1.1, an accurate effective
reaction length may be obtained when only an approximate value
of Ae is used in the simulation calculation.

Registry No. He, 7440-59-7; Ar, 7440-37-1; SiF,, 7783-61-1; SF,,
2551-62-4; cyclobutanone, 1191-95-3.

A Study of the Collisional Activation of Cyclobutanone by the Transient Heating of SiF,

Milton D. Scheer,* James R. NcNesby," and Walter Braun
Center for Chemical Physics, National Bureau of Standards, Washington, D.C. 20234

(Received: June 7, 1983)

The unimolecular decomposition of cyclobutanone has been used to study the behavior of SiF, as a heat bath gas. Temperatures
in the neighborhood of 1050 K were obtained by rapid flow through a heated tube and by the absorption of the pulsed infrared
radiation emitted by a CO, TEA laser tuned to 1033 cm™. The effective reaction times of these two heating methods were
approximately 1 ms and 100 us, respectively. The two separate decomposition channels of cyclobutanone were studied by
a comparative method that is insensitive to the nonuniform temperatures inherent in all transiet heating methods. It was
shown that, between S and 30 torr, both channels are in the unimolecular falloff regime. Further at laser fluences greater
than 0.5 J/cm?, a third higher activation energy channel is opened with effective reaction times that are less than 10 ps.
Times of this magnitude are too small for complete equipartition of the vibrational energy deposited in the heat bath and
hence involves rapid v—v energy transfer to the cyclobutanone resulting in its excitation to near 300 kJ/mol and provides

access to the third reaction channel.

Introduction

It has previously been shown! that the sensitization of uni-
molecular decompositions with heat bath molecules that absorb
pulsed infrared laser radiation is characterized by longitudinal
and transverse temperature inhomogeneities. These arise from
the nature of the energy absorption process and the multimode
nature of most infrared laser light sources. In addition to these
complexities, there exists a number of other processes that tends
to obscure our understanding of the chemistry that takes place
in such systems. During the laser pulse, the absorbed radiation
excites the heat bath molecules to high vibrational levels by means
of a multiphoton process. Collisions then tend to equipartition
this deposited energy and at the same time begin to activate the
reactant molecules that are usually present at low levels of
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abundance. The times for equipartition and reactant activation
are important parameters for characterizing the chemistry of these
systems since decomposition accompanies activation at a rate
usually described by RRKM theory. Equipartition is also ac-
companied by a pressure increase in the irradiated volume so that
the cooling due to the subsequent expansion is followed by further
cooling due to the diffusion of thermal energy to the vessel walls
under highly turbulent conditions. This hierarchy of cooling
processes tends to quench the decomposition and hence set a limit
on the reaction time. Finally, it must also be recognized that
complete Boltzmann equilibration of the high vibrational levels
of the reactant molecules is inhibited by their depletion as a
consequence of the decomposition process itself. It is our intention
to deal with this complex network of effects in a semiquantitative
way in order to provide a guide for the understanding of such
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